ABSTRACT. Low density lipoprotein (LDL) and high density lipoprotein (HDL) were purified from normal human serum by KBr density gradient centrifugation and gel filtration through Sepharose 4B. LDL reversibly inhibited proliferation of Swiss/ 3T3 cells, whereas HDL had no inhibitory effect on cell growth. The LDL-induced inhibition was LDL-dose dependent and was reversed by the addition of mevalonate, a product of the reaction of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase (mevalonate : NADP+ oxidore ductase (CoA-acylating), EC 1.1.1.34). These data suggest that a specific reduction in the activity of HMG-CoA reductase produced by the addition of LDL is the main cause of the inhibition of cell proliferation. Studies of the effect of LDL on the cell cycle showed that it inhibited the entry of cells arrested in G 0/G1 into the S phase but that it did not affect the transition of cells at the G1/S boundary into the M phase. The cell cycle of 3T3 is arrested solely in G1 by LDL.
Nearly all cultured mammalian cells require serum in the culture medium for cell proliferation. A number of factors that stimulate cell proliferation have been purified from serum and are well characterized (26) . In contrast, little is known about growth inhibitory factors in serum. In a previous communication (16) , we investigated human serum for inhibitors of cell proliferation and demonstrated that low density lipoprotein (LDL) is capable of inhibiting the growth of various types of cells.
LDL has been reported to bind to a high affinity cell surface receptor (11, 12) . This binding of LDL is followed immediately by internalization of the lipoproteins via endocytotic vesicles which fuse with lysosomes ; this subsequently leads to an increase in the intracellular sterol content (3, 4, 5) . This increase results in the suppression of cellular cholesterol synthesis by reducing the activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase) and in the enhancement of cholesteryl ester formation by increasing the activity of fatty acyl-CoA : cholesteryl acyltransferase (2) .
In this study, we sought to determine whether the proliferation of Swiss/3T3 cells is blocked at a unique point in the cell cycle due to the addition of LDL and whether 1 Present address: Nippon Roche Research Center, Kajiwara, Kamakura 248 2 To whom reprint requests/correspondence should be addressed .
Abbreviations used: LDL, low density lipoprotein; HDL, high density lipoprotein; HMG-CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme A; DME, Dulbecco's modified Eagle's medium; CS, calf serum; PBS, phosphate-buffered saline without calcium and magnesium; SDS, sodium dodecyl sulfate.
LDL binding alone is sufficient to produce the suppression of cell growth or subsequent LDL processing is needed. Human LDL inhibits the entry of G0/G1-arrested 3T3 cells into the S phase, but it does not inhibit the transition of 3T3 cells at the G1/S boundary into the M phase. The cycle of 3T3 cells is arrested solely in G1 by LDL. The experimental results reported here demonstrate that mevalonate, a metabolite synthesized by HMG-CoA reductase, prevents inhibition of the cell growth induced by LDL. This finding has led us to the conclusion that the inhibition of cell growth is partly due to a reduction in the activity of HMG-CoA reductase that is produced by an addition of LDL. (Table  1) . HDL, however, produced no suppression at comparable concentrations of protein, cholesterol and phospholipids, the major constituents of these lipoproteins. In contrast, a small, dose-dependent positive effect on cell growth was observed. Effect of mevalonate on LDL-induced inhibition of cell growth. LDL is known to function in cholesterol delivery through LDL receptors which leads to suppression of HMG-CoA reductase activity (2) . HDL neither binds to the LDL receptor nor suppresses HMG-CoA reductase activity (2) . To examine whether the suppression of HMG-CoA reductase activity is related to the LDL-specific inhibition, we added mevalonate (a metabolite synthesized by the enzyme) together with LDL. Mevalonate partially prevents the inhibition of cell growth by LDL (Fig. 2 ). An addition of mevalonate at a concentration of 0.1 to 2.5 mM did not affect the growth of control 
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3T3 cells without LDL.
Inhibition of the entry of G0/G1-arrested cells into S by LDL. When growing 3T3 cells were treated with LDL, the percentage of mitotic cells in the cell population was low as compared to that in control cells. This indicates that LDL does not inhibit the progression of cells in M phase into the G1 phase. To determine which process in the cell cycle is affected by an addition of LDL, 3T3 cells were synchronized in G0Gi1 by culturing them in serum-free medium. They then were stimulated to grow with 10 serum containing colcemid in the presence or absence of LDL.
Control 3T3 cells resumed synthesis of DNA after a lag of 8-12 h and subsequently entered mitosis (Fig. 3 ). Cells treated with LDL at 0 h showed a marked reduction in DNA synthesis. Upon further incubation, no increase in DNA synthesis was observed, indicating that the LDL-induced inhibition of DNA synthesis is not due to the delay in the onset of S. LDL added 12 h after serum stimulation produced kinetics of DNA synthesis identical to those of the control, although a slight decrease in DNA synthesis was found. The addition of colcemid to block cells at mitosis did not have a significant effect on DNA synthesis (data not shown). Different doses of LDL showed different effects on DNA synthesis 16 h after serum stimulation (Fig. 3b) . The LDLinduced effect on entry into S was dose-dependent. We also studied the effect of LDL on the progression of serum-stimulated G0/G1 cells into S using flow cytometry (Fig. 4) . The DNA distribution pattern of cells incubated in serum-free medium for 17 h showed one main peak. This pattern suggests that most of the cell population is synchronized and arrested in the G0/G1 phase. Sixteen hours after the addition of serum, the control cells displayed a strong S phase shoulder, but LDL-treated cells had few S phase cells. By 24 h after the addition, the control cells displayed a pronounced G2/M peak, but the LDL-treated cells still showed a major G1/G1 peak. The flow cytometric analysis of the DNA distribution patterns is in agreement with the above conclusion that LDL blocks the progression of cells through G1. Effect of LDL on cells in S and G2. Experiments were carried out to determine whether LDL inhibits other phases of the cell cycle. 3T3 cells were arrested at the G1/S boundary phase of the cycle by a high concentration of thymidine. After the removal of excess thymidine from the culture medium, a sharp increase in DNA synthesis, determined by [3H]thymidine incorporation, was observed in both the control and LDL-treated cells (Fig. 5) . Although treatment of cells with LDL resulted in a slight decrease in the number of mitotic cells, the kinetics of the appearance of cells in mitosis in the presence or absence of LDL were identical. When colcemid was omitted after the removal of excess thymidine, similar increases in cell number were found in the control and LDL-treated cells at 14 h. These results suggest that LDL does not influence DNA synthesis during the S phase, the entry of cells into mitosis through G2 phase, or cell division. density lipoprotein (18) , and fibroblast growth regulatory factor (8) are reported to inhibit the growth of cells by delaying the entry of cells in G0/G1 into S phase. LDL did not, however, cause delayed DNA synthesis during incubation for up to 32 h. LDL is the major vehicle for the transport of cholesterol in mammals (4) . Cellular cholesterol synthesis is controlled by a negative feedback system in which the activity of the rate-controlling enzyme in cholesterol biosynthesis, HMG-CoA reductase, is related inversely to the content of extracellular LDL (2) . We have shown here that a supplement of mevalonate, a metabolite synthesized by HMG-CoA reductase, prevents LDL-induced growth inhibition. Thus, the inhibition probably is largely, if not entirely, due to the decrease in the activity of the enzyme. HDL, which does not suppress HMG-CoA reductase activity (2), did not inhibit cell growth. Our results support the supposition that LDL inhibits cell growth through the decrease of HMGCoA reductase activity.
There is a well documented correlation between the activity of HMG-CoA reductase and cell replication (6, 9, 13, 23). Quesney-Huneeus et al. (22) showed that when compactin, a competitive inhibitor for HMG-CoA reductase, was added, DNA synthesis was suppressed. Moreover, the inhibition of DNA synthesis could be completely reversed by the addition of mevalonate, indicating that mevalonate production plays an essential role in DNA replication. It was recently shown that mevalonate, independent of its function as a cholesterol precursor, is required for DNA replication (21) . Cholesterol is necessary in early G1, whereas isopentenyl adenine, a product of mevalonate, is required in late G1 for cells to enter the S phase.
The protection of 3T3 cells from the LDL-associated inhibition of cell growth provided by a supplement of mevalonate seems to be independent of its conversion to cholesterol because more free cholesterol was recovered from LDL-treated cells than from control cells (data not shown). LDL treatment might stop cells in late Gi because the synthesis of isopentenyl adenine is inhibited by LDL.
Kandutsch et al. (6, 17) have demonstrated that oxygenated sterols inhibit both the increase in sterol synthesis and DNA synthesis by decreasing the activity of HMGCoA reductase. They also showed that cholesterol is ineffective in decreasing this enzyme activity and suggested that the regulation of HMG-CoA reductase activity may be brought about by oxygenated sterols rather than cholesterol. It has been reported that oxygenated sterols are produced by autoxidation when cholesterol is allowed to stand in air (24, 28) . Also, some oxygenated sterols are known to be normal metabolites in cells (17) . There is the possibility, therefore, that the inhibition of cell growth by LDL may be due to the presence of small amounts of oxygenated sterols.
We did not find that mevalonate completely prevented the LDL-induced inhibition of cell growth. In a previous publication (16) we reported that the addition of LDL caused an early decrease in the transport of uridine and thymidine across the membrane. LDL-induced growth inhibition might result partly from the decrease in the transport of some nutrients into cells.
